Abstract-This study evaluated the damage and fracture patterns in mine floors and the fault activation caused by longwall mining, as well as the associated effects on mine water inrush. Numerical simulations were used for this evaluation. The results indicated that higher water pressures in confined aquifers and the existence of faults can increase the probability of water inrush in deep coal seams. A wider coal pillar at the fault can help prevent water inrush events. Numerical simulations were used to demonstrate the complete process of fracture development in the floor, fault activation, and formation of water inrush channels during longwall mining. This study improved the understanding of the mechanisms of water inrush through the fault zone. The results of this study are important to the design of water-resistant coal pillars in active coal seams above confined aquifers with faults Keywords-hydro-mechanical coupling, floor damage, fault activation, mechanism of water inrush
I. INTRODUCTION Shallow mineral deposits in China are facing depletion. The average depth of coal mining is increasing at a rate of 15 to 30 m per year, and there are currently 39 mines with depths of over a thousand metres. Many more mines are predicted to reach excavation depths of 1000 to 1500 m by 2030. The geological conditions of deep mining strata are becoming more complex, and the difficulty of excavation has significantly increased. Presently, water inrush due to fault activation is a primary issue in deep mining [1] [2] .
According to a statistical survey, 151 accidents due to water inrush occurred in Chinese mines between 2009 and 2012, causing 704 casualties. Water inrush induced by the excavation of coal seams primarily occurs at tectonic perturbation sites, especially in the vicinity of faults. A statistical analysis indicated that more than 80% of water inrush events in coal mines are related to the geological structure [3] , which provides the main channel of water inrush. Water inrush is caused by a number of factors [4] [5] , including structural properties, the confined water pressure, and mining activity, among others. The activation of a fault generates new fractures in the vicinity of the fault zone. The existing fractures propagate and coalesce to form a water inrush channel, causing water inrush at the longwall face [6] .
Observing the timing, location, and cause of water inrush due to fault activation is vital. Since the 1940s, numerous measures have been implemented in coal mines to prevent water hazards. Additionally, various theories and methods have been developed, including the theoretical profiling of the safe water pressure of the floor [7] , the critical strength theory of rock, calculation of the water inrush coefficient [8] [9] [10] , design methods for the relative thickness of the confining bed, the stress relationship between water and rock, analyses of high-permeability channels, and the development of the stratum model theory [11] , among others. Although the effects of mining and geological factors on the water resistance capacity of the floor are considered from different perspectives in the above theories, previous studies have been largely based on theoretical analysis and assumptions, and the relationship between the effect of mining and water inrush has rarely been considered. A number of fault activation studies have been conducted based on mine pressure, hydrogeologic and geomechanical engineering theories, such as the floor-three-zone theory [12] [13] , the theory of in-situ rifting and zero failure [14] , the key stratum (KS) theory [15] , etc. The aforementioned theories consider the key factors that impact geological structures, as well as mining effects, qualitatively explaining the connections between those factors and water inrush via the floor. In addition, some studies considered these key factors using different methods. Hu [16] analysed the activation patterns of invisible faults in the floor. Additionally, some studies [17] [18] [19] focused on fault activation mechanisms and faultinduced fracture zones affected by mining using physical models; however, the effects of water bodies with different pressures on water inrush due to fault activation have not been considered. The influences of fault activation on a loadbearing floor were analysed in the context of mining using a seepage-stress coupled model in porous media [20] [21] [22] . In addition, the characteristics of slipping and stress variations in a fault during the mining process on the working face were discussed using a fluid-solid coupled model [23] [24] [25] . The mechanism of water inrush at the fault floor has also been explained by numerical simulations [26] [27] [28] [29] [30] . However, these previous studies mainly focused on the effect of a single factor on water inrush. When mining in a confined aquifer, water inrush via a fault is the result of comprehensive actions associated with the lithological characteristics of the surrounding rock masses, the geological structure (faults and cracks), and the geological environment (stress, seepage, temperature, hydrology, etc.). These actions are further influenced by mining activity. Therefore, it is of theoretical significance and practical value to quantitatively characterize the relationship between the degree of fault activation, fault occurrence, water pressure and the effect of mining. This relationship can be investigated by combining physical model studies and numerical simulations, with the goal of determining the critical width of barrier coal pillar at a fault.
In this study, Fault F16 in the Wugou coal mine was selected for analysis. A combined approach was used to evaluate the mechanism of excavation-induced water inrush at the fault, using numerical simulations. In numerical simulation study, a coupled fluid-solid function in a threedimensional, explicit finite-difference program, FLAC3D, was used to study the displacement field, stress field and damage pattern of the hanging wall and footwall of the fault during the mining process. This numerical model was also used to analyse the coal pillar at the fault. A comprehensive analysis was performed to provide insight into the mechanism of fault activation and rock fracturing under the combined actions of the mining stress field and seepage field. This study provides a foundation for the determination of a safe width of water-resistant coal pillar close to a fault.
II. SUMMARY OF GEOLOGICAL CONDITIONS
The Wugou coal mine in the Wanbei Coal-Electricity Group is located in the Linhuan minefields, Huaibei coal mine district, Anhui Province, China. The geographical location and regional geological conditions are illustrated in Fig. 1 [31 -33] . The mine is oriented in a triangular layout, with a narrow southern end and a wide northern end. The general structural configuration of the minefield is a syncline. The southern portion gradually changes from a north-south syncline in the north to a north-west syncline in the south. The axial region of the syncline forms a reverse "S" shape, and a sublevel anticline has developed within the syncline. The slope angle of the ground is generally 10° to 20°, and the axial direction of the fold is twisted in a NE-NNE direction at the southern end of the mine. Nineteen jointed faults have developed in the minefield, all of which are normal faults. Among these faults, seven have throws greater than 100 m, one has a throw between 100 and 50 m, three have throws between 50 and 30 m, and eight have throws less than 30 m. The primary direction of the distribution of faults is approximately northeast. Only the Wugou fault, which is located at the central northern boundary, has an east-west orientation. 
III. NUMERICAL SIMULATION

A. Calculation Model
Numerical models were generated using FLAC3D, a three-dimensional explicit finite-difference programme, to investigate the mechanism of water inrush due to floor damage and fault activation induced by longwall mining [34] .
The advancing direction of the working face was parallel to Fault F16; thus, a plane strain model was selected without considering the effects of the advancement of the working face [27, 29, 35] . Based on detailed geological records of Panel 1031, the direction of inclination of the working face was set as the X-axis, the direction of advancement of the working face was set as the Y-axis, and the vertical direction of the model was set as the Z-axis. Additionally, based on the boundary effect, the ratio of the height of the fracture zone to 
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the mining height, the damage depth of the coal seam floor, and the calculation speed, the dimensions of the model were set to 730 m×8 m×176 m. The meshing is illustrated in Fig.  3 . The model included 11,250 elements and 17,640 nodes.
The normal displacements at all the side and bottom boundaries of the model were fixed using "roller boundary conditions". The upper boundary was the stress boundary, and the load was determined by the weight of the overlying rock stratum [27] . In this study, the distribution of cracks, the seepage characteristics of the floor, and the slipping damage patterns of the fault surface were evaluated. Thus, interface elements were inserted into both sides of the fault [34, 36] . The excavation of the coal seam was simulated at the hanging wall surface of a normal fault, and the roof was controlled by natural caving. 
B. Model Selection and Parameter Determination
Previous rock mechanic tests and engineering applications showed that the Mohr-Coulomb criterion effectively represents the damage characteristics of rocks [37] . The Mohr-Coulomb model and the FL_ISO model [34] were used in this study. The failure envelope of the MohrCoulomb model corresponds to a Mohr-Coulomb criterion (shear yield function) with a tension cutoff (tension yield function). The position of a stress point on this envelope is controlled by a non-associated flow rule of shear failure, as well as an associated rule of tension failure. The FL_ISO Model is applied in all zones in which isotropic flow can occur. Detailed information regarding the Mohr-Coulomb model and the FL_ISO model can be found in the reference manual [34] .
The Mohr-Coulomb yield criterion was used to judge the damage to the rock as follows:
where  and  are the maximum and minimum principle stresses, respectively, and  and c are the frictional angle and cohesion, respectively. When >0, shear damage occurs. In a normal stress state, the tensile strength of the rock is low. Therefore, the tensile damage of the rock can be determined by the tensile strength criterion ≥.
According to geological investigations and on-site experimental studies that considered the size effect of the rock, the mechanical parameters of the main rock strata used in the simulation are shown in Table 1 , and the parameters of the surface elements are shown in Table 2 . 
C. Initial Stress State
The distribution of terrestrial stress exhibits considerable spatial differences and varies constantly with time. However, with respect to the design period of the working face, the time factor can be ignored, i.e., viewed as a stress field that is relatively stable. The vertical in-situ stress is determined by the overburden pressure as follows:
where  and H are the unit weight of rock and the depth below the ground surface, respectively.
According to the in-situ stress values measured at different locations worldwide by Brown and Hoek [38] ,a statistical analysis, and the fitting of 578 sets of in-situ stress data by Zhao. [39] , the magnitudes of the maximum and minimum horizontal stresses were determined as follows:
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where is the ratio of horizontal stress to vertical in-situ stress. Thus, the maximum and minimum stresses expressed by Eqs. (5) and (6) can be derived by calculating using Eqs. (3) and (4) . The unit weight of the overlying rocks was assumed to be 22.0 KN/m3, and the depth at the top boundary of the model was sequentially set to 200 m, 300 m, 400 m, 500 m, 600 m and 644 m. The calculated initial stresses applied during the calculations are shown in Table 3 . 
D. Modelling Scenarios
Previous research has shown that the activation pattern of a fault surface is related to a number of factors [5, 27, 34] . Activation is more likely to occur at the upper edge of a normal fault during excavation of a coal seam [40] . The stiffness of the fault surface exerts little influence on the degree of activation [36] , and the higher the slope angle of the fault is, the more likely that activation occurs [27] . For these reasons, the displacement field, stress field, and damage pattern in the rock within the fault zone, at the fault surface, and at the water-resistant coal pillar in the fault were analysed during mining of the working face of the coal seam. Mining occurred at the hanging wall surface of the fault under the effects of varying factors, such as the burial depth of the coal seam, pressure of confined water, throw of the fault, and widths of the water-resistant coal pillar. Table 4 provides a list of the simulated models. Seventeen models were incorporated into the calculations. These were categorized into four groups to examine the effects of different burial depths of the coal seam, pressures of confined water, throws of the fault, and widths of the water-resistant coal pillar. Three of these factors were fixed, and one was varied in each group to observe the effect of the variable factor. These parameters were determined by an orthogonal methodology using the geological records of Panel 1031. 2  456  12  2  47  3  556  12  2  47  4  656  12  2  47  5  756  12  2  47  6  800  12  2  47  7  456  36  2  47  8  456  52  2  47  9  456  68  2  47  10  456  108  2  47  11  456  12  1  47  12  456  12  3  47  13  456  12  3.5  47  14  456  12  2  26  15  456  12  2  35  16  456  12  2  43  17  456  12  2  52 E. Monitoring Plan Twelve vertical displacement measurement points and eleven vertical stress measurement points were established on the water-resistant coal pillar to record the effects of different impact factors on the variations in the displacement and stress of the hanging wall surface of the fault, footwall surface of the fault, and water-resistant coal pillar. These measurement points were designated D1 -D12 and S1 -S11. Six measurement points were established at the hanging wall and footwall surfaces of the fault and were labelled I1-1 -I1-6 and I2-1 -I2-6, respectively. The measurement points at the fault surface were used to monitor the normal displacement, tangential displacement, normal stress and shear stress at the respective locations. A detailed layout of the measurement points is shown in Fig. 4 . 5 gives the maximum vertical displacement of the coal pillar at the fault calculated using the seventeen models, as well as the ratio of the displacement calculated using all models to the displacement calculated using model two, which was selected as the benchmark because it is based on actual geological conditions. The effects of different burial depths on the maximum vertical displacement of the waterresistant coal pillar at the fault can be evaluated using the outputs of models one to six. The maximum vertical displacement increased with increasing burial depth of the coal seam. When the burial depth of the coal seam was H<600 m, each 100 m increase in the burial depth of the coal seam resulted in a 20% increase in the maximum vertical displacement. Additionally, when the burial depth of the coal seam was H>600 m, a 100 m increase in the burial depth of the coal seam resulted in a 70-130% increase in the maximum vertical displacement. The effect of the throw of the fault and the water pressure of the aquifer on the maximum vertical displacement can be evaluated using model two and models seven to thirteen. Although the maximum vertical displacement increased with increasing water pressure in the aquifer, the effects of the throw of the fault and the aquifer water pressure on the maximum vertical displacement were less significant than were those of other impact factors. An exponential relationship was observed between the maximum vertical displacement of the coal pillar and the burial depth, as well as the coal pillar width, as shown in Eq. (7). The parameters that were acquired by regression are shown in Table 5 . The effect of the width of the water-resistant coal pillar at the fault on the maximum vertical displacement is demonstrated by models two and fourteen to seventeen. The maximum vertical displacement decreased with increasing width of the water-resistant coal pillar at the fault, but the percentage of this reduction decreased from 0.91% to 0.23% with unit increases in the coal pillar width. This is expressed as follows:
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where 0 y is the offset, A is the amplitude, and tis the decay constant. The effects of the width of the water-resistant coal pillar at the fault on the maximum vertical displacement and stress of the coal pillar are shown in Fig. 6 and Fig. 7 . Fig. 6 . suggests that when L≥43 m, the vertical displacement of the water-resistant coal pillar at the fault first increased and then decreased. Then, it increased again with increasing distance between the measurement points and the air return roadway of Panel 1031. When L<43 m, the vertical displacement of the coal pillar increased with increasing distance between the measurement points and the air return roadway of Panel 1031. A smaller coal pillar width resulted in a larger degree of variation, and, thus, a higher degree of fault activation. Fig. 7 demonstrates the relationship between the vertical stress of the water-resistant coal pillar at the fault and the width of the water-resistant coal pillar at the fault. This relationship coincided with the correlation between the vertical displacement of the coal pillar and the other various factors, validating the functional relationship between vertical displacement and stress.
G. Analysis of Displacement and Stress at the Fault Surface
Figs. 8 and 9 demonstrate the maximum normal and tangential displacements, respectively, at the hanging wall and footwall surfaces of the fault, as calculated using the seventeen design parameters. As shown in models one to six in Figs. 8 and 9 , the maximum normal displacement increased with increasing burial depth of the coal seam at the hanging wall surface of the fault. At the footwall surface of the fault, the maximum normal displacement first increased and then decreased with increasing burial depth of the coal seam. The relative variation in the maximum normal displacement at the hanging wall surface was larger than that at the footwall surface. The tangential displacement at the hanging wall surface of the fault first increased and then decreased with increasing burial depth of the coal seam. However, the tangential displacement at the footwall surface of the fault first increased with increasing burial depth of the coal seam. This phenomenon was caused by variations in the respective stresses, and Fig. 9 shows that the tangential displacement at the footwall surface due to any factor can be ignored with respect to that at the hanging wall surface.
The effects of the fault throw and aquifer water pressure on the maximum normal and tangential displacements at the hanging wall and footwall surfaces are demonstrated by model two and models seven to thirteen in Figs. 8 and 9 . The maximum normal and tangential displacements at the hanging wall surface of the fault were affected to a small degree by the variations in the fault throw and water pressures because their respective stress variations were small. However, normal and tangential displacements at the footwall surface were only observed in model two, and the effect of water pressure was negligible.
Model two and models fourteen to seventeen demonstrate the effects of the width of the water-resistant coal pillar at the fault on the maximum normal and tangential displacements at the hanging wall and footwall surfaces in Figs. 8 and 9 .
The comparison suggests that the maximum normal displacement at both the hanging wall and footwall surfaces increased with increasing coal pillar width, and the tangential displacement decreased. This trend occurs because the normal stress increases with increasing coal pillar width, but the shear stress decreases with increasing coal pillar width, as shown in Fig. 10 . The ratio of the maximum tangential displacement to the other displacement variations was approximately 200:1 at the hanging wall surface of the fault. Detailed data are provided in Fig. 11 . Generally, the degree of activation of the fault surface increased with decreasing coal pillar width. 
H. Analysis of the plastic damage state
In this section, the effects of different widths of the water-resistant coal pillar at the fault on the damage fracture zone at the working face floor and fault activation are explained in detail. Fig. 12 gives the results of model two and models fourteen to seventeen in Table 4 , in which the process of water inrush at the working face induced by decreasing the coal pillar width is clearly demonstrated. Due to the severe variations in pressure between the supporting pressure zone at the side of the coal pillar in the working face and the pressure unloading zone at the gob, the floor was damaged in front of the working face, and new cracks were produced in the lower portion of the overlying rocks above the aquifer as a result of mining activity. The region where new cracks were produced is called the aquifer ascending area, or the 3A zone, as shown in Fig. 12(a) . As the width of the water-resistant coal pillar decreased, the damage zone at the floor extended deeper into the rock, but the 3A zone was not affected significantly. Thus, the waterproof stratum still possessed a certain degree of water resistance, as shown in Figs. 12(b) and 12(c). Due to the fault and the effects of mining at the working face, the depth of the damage in the floor at the side proximal to the fault was more severe, and limited activation occurred in rocks close to the fault and the fault itself. This promoted conditions for the formation of water inrush channels in the mining damage zone and the fault activation zone, as shown in Figs. 12(c) and 12(d) . When the width of the water-resistant coal pillar at the fault was reduced to 35 m, the 3A zone expanded due to the combined actions of the mining pressure and the confined water pressure, and new cracks were produced in the damage zone of the floor and near the fault activation zone. The existing cracks expanded further and converged, leading to the formation of a water channel, i.e., the intermediate region between the two yellow lines. Water inrush occurred at the working face, and a certain degree of damage was observed in the waterproof stratum in the floor, as shown in Fig. 12(d) . As the width of the water-resistant coal pillar at the fault further decreased, the waterproof rock stratum of the floor was completely damaged, and the fault activation zone continued to expand, leading to the formation of numerous water channels and high-intensity water inrush at the working face, as shown in Fig. 12(e) . 
IV. DISCUSSION AND CONCLUSIONS
Using site-specific geological conditions at an underground coal mine, this study evaluated the damage and fracture patterns of the floor and fault activation zone during longwall mining using numerical simulations. The following conclusions can be drawn from this research:
1) When the working face approached the fault, high stress concentrations were observed at the roof and floor of the coal pillar. Therefore, the degrees of damage to the coal pillar and floor close to the fault were higher than those in other areas. As the width of the water-resistant coal pillar decreased, the risk of water inrush at the working face significantly increased.
2) A comprehensive analysis of the results of the numerical calculations showed that under conditions in which other impact factors were identical, the risk of water inrush at the floor was higher for a rock stratum with a higher permeability. The higher the water pressure in the aquifer is, the more likely the occurrence of water inrush at the working face.
3) The damage in the floor and fault activation zone under the combined actions of the mining stress field and seepage field is affected by a number of factors, including the burial depth of the coal seam, the confined water pressure, the throw of the fault, and the width of the waterresistant coal pillar at the fault, all of which significantly affect the formation of water inrush channels at the working face. The larger the burial depth of the coal seam, confined water pressure, and throw of the fault, the higher the risk of water inrush. Additionally, the larger the width of the waterresistant coal pillar at the fault, the lower the chance that water inrush will occur. The effects of these four impact factors on water inrush at the working face and fault activation zone were compared. We found that the effects of the burial depth of the coal seam and the width of the waterresistant coal pillar at the fault were significant. The effect of the confined water pressure was less significant, and the throw of the fault was least significant. The mechanism of the formation of water inrush at the working face was demonstrated by decreasing the width of the water-resistant coal pillar at the fault, which in turn led to water inrush. The formation of water inrush channels can be attributed to various degrees of rock damage due to mining, as well as the stress field and seepage field.
